Maternal behavior Infant behavior Cortisol Monoamine neurotransmitters Oxytocin Prolactin Rhesus monkeys Studies of mother-infant relationships in nonhuman primates have increasingly attempted to understand the neuroendocrine bases of interindividual variation in mothering styles and the mechanisms through which early exposure to variable mothering styles affects infant behavioral development. In this study of freeranging rhesus macaques on Cayo Santiago, Puerto Rico, we aimed to: 1) compare lactating and nonlactating females to investigate whether lactation is associated with changes in plasma cortisol, prolactin and oxytocin, as well as changes in CSF levels of serotonin and dopamine metabolites (5-HIAA and HVA); 2) examine the extent to which interindividual variation in maternal physiology is associated with variation in maternal behavior; 3) examine the extent to which interindividual variation in infant physiology and behavior is accounted for by variation in maternal physiology and behavior. Lactating females had higher plasma concentrations of cortisol, prolactin, and oxytocin but lower CSF concentrations of HVA than nonlactating females. Variation in maternal rejection behavior was positively correlated with variation in maternal plasma cortisol levels and in CSF 5-HIAA levels while variation in the time spent nursing and grooming was associated with maternal plasma oxytocin levels. Infants who were protected more by their mothers had higher cortisol levels than those who were protected less, while infants who were rejected more had lower CSF 5-HIAA than infants who were rejected less. Since exposure to high levels of maternal protectiveness and rejection is known to affect the offspring's behavior and responsiveness to the environment later in life, our results are consistent with the hypothesis that these effects are mediated by long-term changes in the activity of the offspring's HPA axis and brain serotonergic system.
Introduction
Since the early studies of rhesus macaques conduced by Robert Hinde and colleagues in the 1960s and 1970s [1, 2] , research on maternal behavior and infant development in nonhuman primates has emphasized the study of individuals in complex social environments, the quantification of mother-infant interactions with ethological observational methods, and the investigation of the causes and consequences of naturally occurring interindividual variation in mothering style [3] [4] [5] [6] [7] . Studies of macaques, baboons and vervet monkeys have shown that most variability in mothering style occurs along the two dimensions of maternal protectiveness and rejection, although in some cases, a third dimension-maternal warmth-was also identified [8] [9] [10] . The maternal protectiveness dimension includes variation in the extent to which the mother physically restrains her infant, and initiates proximity and contact with her infant. The maternal rejection dimension includes the extent to which the mother limits the timing and duration of contact. Maternal warmth refers to the extent to which the mother allows nursing and cradles and grooms her infant. These dimensions of mothering style in monkeys share several similarities with parenting style dimensions in humans, as well as with particular patterns of mother-infant attachment [7] . In monkeys, although infant age, maternal age, and maternal experience are known to influence maternal behavior, individual differences in mothering style tend to be consistent over time and across infants [2, 6] .
Variation in mothering style is generally accounted for by a combination of maternal characteristics (e.g., age, parity, dominance rank, temperament), infant characteristics (e.g., sex, age, baseline activity levels), and the surrounding environment (e.g., stress and support from other group members, ecological variables) [6, 7] . Individual differences in mothering style have long-term effects on the offspring's tendency to respond to challenges or explore the environment. For example, infants reared by highly rejecting (or less responsive) mothers generally develop independence at an earlier age (e.g. spend more time out of contact with their mothers, explore the environment more, and play more with their peers) than infants reared by mothers with low rejection levels [11] [12] [13] [14] . In contrast, infants reared by more protective mothers tend to be delayed in the acquisition of their independence and are relatively fearful and cautious when faced with challenging situations [15] [16] [17] [18] . Effects of mothering style on offspring behavior extend into adulthood [16, 17, [19] [20] [21] [22] [23] [24] . For example, mothering style affects the offspring's parenting behavior in adulthood, as there are often significant similarities in maternal behavior between mothers and daughters [25] [26] [27] [28] .
Although observational studies of primate maternal behavior and infant development continue to provide valuable information, recent research has increasingly investigated the physiological mechanisms underlying variation in behavior. For example, recent studies have investigated the relation between physiological changes accompanying pregnancy and lactation and changes in maternal motivation [29] [30] [31] [32] , the physiological correlates of individual differences in mothering style [33] [34] [35] [36] [37] [38] [39] [40] [41] , and the physiological mechanisms through which early exposure to variable mothering style affects offspring behavioral development [19, 21, 23, 28, 42] . Research on the physiological substrates of maternal motivation and mothering style has focused on hormones of the hypothalamic-pituitary-gonadal (HPG) and the hypothalamic-pituitary-adrenal (HPA) axes, such as estrogen, progesterone, prolactin, and cortisol [31] [32] [33] 36, 37, 43] , as well as on endogenous opioids [44, 45] and brain monoamines [28, 39, [46] [47] [48] . Although studies of rodents and sheep have implicated oxytocin in maternal motivation and behavior [49] [50] [51] , there is limited research on oxytocin and maternal behavior in primates [52] [53] [54] . Cortisol and the monoamine neurotransmitters have also been investigated to elucidate the mechanisms through which differences in mothering style may result in variation in the offspring's behavioral development and emotional reactivity [19, 21, 23, 24, 42] .
In this study we investigated the relation between physiological variables, maternal behavior, and infant behavior in a free-ranging population of rhesus macaques. Specifically, we aimed to: 1) compare lactating and nonlactating females to investigate whether lactation is associated with changes in plasma cortisol, prolactin and oxytocin and CSF serotonin and dopamine metabolites; 2) examine the extent to which interindividual variation in maternal physiology is associated with variation in maternal behavior; 3) examine the extent to which interindividual variation in infant physiology and infant behavior is accounted for by variation in maternal physiology and maternal behavior. We hypothesized that there may be causal relationships between physiology and behavior, and between maternal behavior/ physiology and infant behavior/physiology. However, given the constraints of research with free-ranging monkeys, our study was not designed to test cause-effect relationships between variables.
Materials and methods

Subjects
This study was conducted with the free-ranging population of rhesus macaques on Cayo Santiago, a 15.2 ha island located 1 km off the southeastern coast of Puerto Rico. During the study period, the population included approximately 850 animals distributed among 6 naturally formed social groups. Monkeys on Cayo Santiago forage on vegetation and are provisioned with rainwater and commercial monkey chow. Rhesus macaques are seasonal breeders. In the Cayo Santiago population, there is a 6-month mating season beginning in March, followed by a 6-month birth season beginning in September. Some rhesus females give birth every year while others do so every other year. Colony records are updated with daily censuses of all animals. The Cayo Santiago database includes information on each animal's date of birth and death, maternal relatedness and genealogy, as well as group membership, reproductive, and health history.
The data presented here were collected as part of a larger study of stress and reproduction in multiparous, experienced females. Study subjects were all adult females in the population who, when the study began, were between 15 and 25 years of age (n = 53; mean age ± SE: 18.3 ± 0.3). All subjects were multiparous and belonged to 6 different social groups (F = 17; R = 16; S = 7; V = 5; HH = 4; KK = 4). They were classified as being high-or low-ranking depending on whether their rank fell within the top half or bottom half of the dominance hierarchy within their group. Dominance hierarchies were established on the basis of data on aggressive and submissive interactions collected by trained observers.
Procedure
All subjects were trapped between January 15 and March 15, 2007 . At the time of capture, 25 females were lactating and had live infants (infant age range: 8-134 days; mean ± SE = 72.8 ± 7.5 days) and 23 of them were neither pregnant nor lactating (nonlactating). The nonlactating females had offspring born in previous years but none of them had a successful conception in the mating season prior to this study. Five females who were either pregnant at the time of capture (as assessed through a palpation of the abdomen, and confirmed retrospectively from the date of birth) or whose infant had recently died were excluded from data analyses.
All females were inspected by a veterinarian at the time of sampling and found to be in general good health. Therefore, there was no hint that the nonlactating females in this study did not conceive for health problems, or that the lactating females were in poor health.
Monkeys were captured in feeding corrals, which were provisioned daily with monkey chow. Trapping generally occurred between 8:30 and 12:00. Subjects were netted or captured by hand in the corral, and placed into a standard squeeze cage, where they remained for overnight housing. The following morning, all adult females and infants were anesthetized with ketamine (approximately 10 mg/kg via IM injection) and a 5-ml (2 ml for infants) blood sample was collected from them. All blood samples were collected from the femoral vein into EDTA tubes. Samples were refrigerated for 20 min and centrifuged for 15 min before plasma was aliquoted into microcentrifuge tubes. Plasma samples were frozen on dry ice immediately after centrifugation and were kept at −80°C until analyses occurred. With one exception, only infants older than 2 months of age (n = 16) were sampled due to the very small size of younger infants. Blood samples were collected between 7:15 and 10:40 (average time of day: 8:10 ± 12.9 min). Samples were collected, on average, 63.9 ± 7.4 min after the door of the laboratory was first opened (range: 7-207 min), and 28.3 ± 4.8 min after ketamine administration (range 0-127 min). Immediately following the blood sample collection and while the subjects were still under anesthesia, one 2-ml sample of CSF was also collected from the cisterna magna using a needle. The CSF samples were placed on dry ice immediately after collection and kept at −70 C until assay.
Lactating and nonlactating females did not differ significantly in their age (lactating: 17.8 ± 0.3 years; nonlactating: 19.0 ± 0.6; t = 1.59, df = 46, NS), dominance rank (lactating: high = 10; low = 15; nonlactating: high = 13; low = 10; chi square: 1.31, df = 1; NS), or any variables related to blood sampling (time of day, time since beginning of the procedure, and time since ketamine injection). Cortisol and prolactin plasma concentrations were analyzed by radioimmunoassay using a commercially available kit (Diagnostic Systems Laboratories, Webster, TX). For cortisol, intra-assay coefficient of variation was 4.90% and inter-assay coefficients were 4.50% and 8.74%. For prolactin, intraassay coefficient of variation was 5.64% and inter-assay coefficients were 4.12% and 6.67%. Oxytocin plasma concentrations were anayzed using an enzymeimmuno assay kit (Assay Designs, Ann Arbor, MI) previously validated in rodents [55] . Intra-assay variation was less than 3% and inter-assay variation was approximately 10%, with the level of detection at 11.7 pg/ml and cross reactivity with other peptides at less than 0.01%. Samples were diluted 4 fold prior to assay. CSF concentrations of the serotonin metabolite 5-HIAA and the dopamine metabolite HVA were analyzed using liquid chromatography with electrochemical detection [56] . Plasma cortisol concentrations and CSF monoamine metabolite levels were analyzed for both adult females and infants. Plasma prolactin and oxytocin concentrations were analyzed only for adult females. Data on some physiological variables were available for only a subset of the study subjects. The sample sizes (or degrees of freedom) for each data analysis are provided in the Results section.
Behavioral data were available for a subset of lactating females (see Results). These females and their infants were observed from the day of parturition to the day before the beginning of the trapping procedures. No behavioral data were collected after the trapping procedures began. Females and their infants were observed during 30-min observation sessions a minimum of two times per week. Behavioral data were recorded on a paper checksheet and using a tape recorder whenever necessary. Behavior durations were recorded with a stopwatch. Behavioral data analyzed here included: frequencies of contacts made and broken by mothers and infants; frequencies of approaches and leaves within 1 m; frequencies of maternal restraining and rejection; time spent in nipple contact (nursing); time spent by mothers grooming their infants [see 8,57, for behavioral definitions]. Behavioral data were analyzed as frequencies and duration per hour of observation. Hourly rates of behavior were averaged across the first 3 months of lactation. As in previous studies [23] , a Maternal Protectiveness Index was calculated combining measures of contact-making, approaching, and restraining; a Maternal Rejection Index was calculated combining measures of contact-breaking, leaving, and rejection; and a Maternal Warmth Index was calculated combining measures of nursing and grooming.
Statistical tests included Student's t tests for paired and unpaired samples, Pearson's correlations, analysis of variance (ANOVA), simple regression analyses and chi squares. All tests were two-tailed. Probabilities b 0.05 were considered statistically significant.
Results
Differences between lactating and nonlactating females in physiological variables and correlations between these variables
Plasma concentrations of cortisol and prolactin were significantly higher in lactating than in nonlactating females (cortisol: t = 2.54; df = 45; p = 0.01; prolactin: t = 3.68; df = 46; p = 0.0006; Table 1 ). Plasma oxytocin concentrations were higher in lactating females as well, but the difference only approached statistical significance (t = 1.83, df = 43; p = 0.07; Table 1 ). CSF HVA was significantly lower in lactating than in nonlactating females (t = −2.24; df = 31; p = 0.03), whereas there was no significant difference in CSF 5-HIAA between lactating and nonlactating females (Table 1 ). There were no significant correlations between plasma concentrations of cortisol, prolactin, and oxytocin. HVA was positively correlated with 5-HIAA (r = 0.35, n =33, p = 0.04) and negatively correlated with cortisol (r = −0.38; n = 32; p = 0.03) and oxytocin (r = −0.36, n = 30; p = 0.05) across all females. HVA was also positively correlated with prolactin (r = 0.51; n =19; p = 0.02) but only among lactating females.
Female age was not significantly correlated with any of the physiological variables. Low ranking females had significantly higher plasma cortisol levels (41.92 ± 2.18 ug/dl) than high ranking females (30.48 ± 1.75 ug/dl; F1,43= 4.37; p = 0.04), regardless of whether they were lactating or nonlactating. Rank had no significant main effects on plasma oxytocin and prolactin, nor on CSF 5-HIAA and HVA, and there was no significant interaction between rank and reproductive condition for any of these physiological variables. Dominance rank did not significantly affect any of the measures of maternal behavior or of infant behavior and physiology that are examined in the next sections.
Relationships between physiology and maternal behavior in lactating females
The Maternal Rejection Index was positively correlated with both maternal plasma cortisol levels (r = 0.65; n = 11; p = 0.02; Fig. 1a ) and with maternal CSF concentrations of 5-HIAA (r = 0.66; n =9; p = 0.05; Fig. 1b ). There were no significant correlations between the Maternal Rejection Index and HVA, oxytocin or prolactin. The Maternal Protectiveness Index was not correlated with any maternal physiological variables. The Maternal Warmth Index was significantly positively correlated with plasma oxytocin levels (r = 0.84; n = 9; p = 0.004; Fig. 1c ).
Relation between maternal physiology/behavior and infant physiology/ behavior
Plasma cortisol concentrations of infants (26.84 ± 3.08 ug/dl) were significantly lower than those of their mothers (39.98 ± 1.98 ug/dl; t = 4.17; df = 15; p = 0.0008). Infants had significantly higher CSF concentrations of 5-HIAA and HVA than their mothers (5-HIAA: infants= 132.07± 5.55; mothers= 48.88±3.06; t=13.13; df =12; pb 0.0001; HVA: infants= 381.36± 17.42; mothers = 247.84 ± 10.61; t=4.74; df =12; p=0.0005). There was no significant correlation between infant and maternal cortisol levels, or between infant and maternal CSF levels of 5-HIAA or HVA.
Variation in infant physiological measures was significantly predicted by maternal behavior. Specifically, variation in infant plasma cortisol levels was accounted for by the Maternal Protectiveness Index (r = 0.77; n = 10; p = 0.009; Fig. 2a ) so that infants who were protected more by their mothers had higher plasma cortisol levels. Furthermore, variation in infant CSF 5-HIAA levels was accounted for by the average maternal rejection rate in the first 3 months of life (r = −0.88, n =9; p = 0.001; Fig. 2b ) and more weakly, also by the Maternal Rejection Index (r = 0.62; n = 9; p = 0.07). Thus, infants who were rejected more by their mothers had lower CSF concentrations of 5-HIAA.
In addition to infant physiology, infant behavior was predicted by maternal behavior as well. Differences in the Maternal Protectiveness and the Maternal Rejection Index were associated with differences in contact-breaking and contact-making behavior by infants. Specifically, infants who were protected more by their mothers broke contact with them more often (r = 0.71; n = 11; p = 0.01). Both maternal protectiveness and infant cortisol predicted infant leaving behavior: infants who were protected more and had higher cortisol levels left their mothers more often than infants who were protected less and had lower cortisol levels (Protectiveness; r = 0.74; n = 11; p = 0.009; cortisol: r = 0.62; n = 10; p = 0.05). Conversely, the more infants were rejected by their mothers, the more they made contact with them (r = 0.67; n = 11; p = 0.02). Differences in the Maternal Warmth Index were not associated with any differences in infant behavior.
Discussion
Our study suggests the following: 1) that lactation is accompanied by changes in concentrations of several hormones, neuropeptides, and monoamines; (2) that individual differences in some of these physiological variables among lactating females are associated with differences in mothering style; (3) and that variation in mothering style is associated with variation in both infant physiology and infant behavior.
Lactating females had higher plasma concentrations of cortisol than nonlactating females. In rhesus macaques and other primates, higher cortisol during lactation may be associated with motherhood-related psychosocial stress [58] . In our study, the lactating females had young and vulnerable infants while the nonlactating females were multiparous individuals with older offspring born in previous years. Thus, one possible interpretation of the difference in cortisol between lactating and nonlactating females is that mothers with young infants are more stressed than mothers of older offspring. Consistent with the notion that low dominance rank is associated with greater psychosocial stress [59] , low ranking females had higher cortisol levels than high ranking females. The difference in cortisol between lactating and nonlactating females, however, was not affected by dominance rank. Therefore, changes in HPA axis activity associated with lactation do not appear to vary in relation to social status in free-ranging rhesus macaques. Consistent with previous findings obtained in other species of nonhuman primates [33, 36] , we found evidence for a relation between HPA axis activity and maternal behavior in free-ranging rhesus macaques. Specifically, the observed positive correlation between plasma cortisol levels and maternal rejection rates suggests that mothers who experienced higher levels of psychosocial stress, independent of dominance rank, rejected their infants more frequently than mothers with lower stress. In contrast, variation in the maternal protectiveness dimension of mothering style was not associated with plasma cortisol levels or any other physiological variables [23,39, but see 47] . These findings suggest that maternal rejection is a stress-sensitive component of mothering style in rhesus macaques. Consistent with this explanation, high maternal rejection rates are associated with neurochemical profiles suggestive of chronic stress [39] and are characteristic of females who were abused by their mothers in infancy and became themselves abusive mothers [27, 28, 57] .
In addition to higher cortisol, lactating females also had higher plasma concentrations of prolactin and oxytocin than nonlactating females. Prolactin is involved in both milk production and responsiveness to stress, and prolactin levels are typically elevated in lactating females compared to nonlactating ones [50] . Prolactin levels are normally regulated by dopamine through a negative feedback mechanism. Prolactin activates dopaminergic neurons in the arcuate nucleus of the hypothalamus; these neurons project to the median eminence, releasing dopamine into the hypophyseal portal blood to reach D2 receptors on lactotrophs in the anterior pituitary and inhibit prolactin release [50] . During pregnancy and lactation, however, this feedback mechanism is suppressed and overridden by the inhibitory effect that suckling has on dopaminergic activity [60] . In a study of common marmosets (Callithrix jacchus), plasma prolactin concentrations were found to increase after infant carrying [61] , suggesting that the release of this hormone can be modulated by parental behavior. Although studies of rodents have suggested that prolactin may facilitate the expression of maternal care, evidence that prolactin is important for maternal behavior in sheep and primates is equivocal [50] . In this study, we found no significant correlation between plasma prolactin levels and any measures of maternal behavior in lactating female rhesus macaques.
Oxytocin is released during labor and following nipple stimulation, thus resulting in higher plasma levels of this neuropeptide in lactating than in nonlactating females [62] . Similar to prolactin, oxytocin release is regulated by other neurotransmitters as well as by hormones such as estrogens, which may also increase the number of oxytocin receptors in specific areas of the brain [50] . A number of studies of rodents and sheep have implicated oxytocin in the regulation of maternal motivation and behavior [49,50, but see 63] . In the present study of rhesus macaques, the maternal warmth component of mothering style, which includes time spent nursing and grooming, was associated with maternal plasma oxytocin levels. This finding represents the first evidence linking oxytocin and maternal behavior in free-ranging primates. Preliminary evidence that oxytocin may be related to female responsiveness to infants was previously obtained with only 1 or 2 individuals tested in highly artificial laboratory conditions [52] [53] [54] . A previous study measuring oxytocin in free-ranging female rhesus macaques did not find any correlations between oxytocin and social behavior [64] . Moreover, Schwandt et al. [64] and Winslow et al. [65] found no correlation between plasma oxytocin and CSF oxytocin levels in rhesus monkeys. In recent human studies, however, plasma oxytocin levels were found to be positively correlated with mother-infant bonding (e.g. maternal affectionate touch, positive affect, and frequent checking of the infant) and with trait attachment scores [66] [67] . Therefore, although the relation between plasma and brain oxytocin and that between brain oxytocin and primate maternal behavior remains unclear, there is now some evidence that plasma oxytocin concentrations may be related to maternal care and attachment in human and nonhuman primates.
In this study, lactating females had significantly lower CSF concentrations of HVA than nonlactating females, but similar CSF concentrations of 5-HIAA. Rodent studies of monoamines and their metabolites generally report changes in these neurotransmitter systems during pregnancy and lactation, but these changes are often contradictory and therefore poorly understood. The low CSF levels of HVA reported in lactating female rhesus macaques are likely the result of suckling's inhibitory effect on the brain dopaminergic system and its failure to respond to stimulation from high prolactin levels [60] . The role of monoamine neurotransmitters in the regulation of maternal behavior is generally understudied in rodents [50] , while studies of nonhuman primates have mostly reported correlations between the serotonin metabolite 5-HIAA and some aspects of maternal behavior [68] . In this study, maternal rejection was positively correlated with CSF 5-HIAA levels. This is consistent with the result of a previous study involving older rhesus mothers who abused their infants [39] . In another study involving young first-time mothers, however, high maternal rejection was associated with lower rather than higher CSF 5-HIAA levels [28] . Since brain serotonergic function in rhesus macaques has been shown to be influenced by early experience [23, 69] , it is possible that the relation between CSF levels of 5-HIAA changes as a function of reproductive and maternal experience.
In this study, we measured physiological and behavioral variables not only in mothers but also in infants. Blood and CSF samples were collected from infants who were at least 2 months old at the time of capture and were assayed only for plasma cortisol and serotonin and dopamine metabolite concentrations. Infants had lower cortisol levels but higher 5-HIAA and HVA levels than their mothers. There were no significant correlations between infant and maternal physiological variables, but variation in infant cortisol and 5-HIAA levels was predicted by variation in their mothers' behavior. Specifically, infants who were protected more by their mothers had higher cortisol levels than those who were protected less, while infants who were rejected more had lower CSF 5-HIAA than infants who were rejected less. Previous studies have shown that infants reared by more protective mothers are delayed in the acquisition of their independence and fearful in response to challenges later in life, while highly rejected infants are more independent and more willing to explore novel objects and environments later in life (see Introduction for references). In this study, infants who were protected more by their mothers broke contact with them and left them more often, while the more infants were rejected by their mothers the more they made contact with them. The seeming contradiction between our results and those of previous studies is explained by the notion that the maternal behavior in monkeys has short-and long-term effects on infant behavior in opposite directions [70] . Maternal protectiveness has the short-term effect of increasing infant contact-breaking and leaving behavior [71, 72] , whereas in the long run it results in lower infant independence and clinginess to the mother [70] . Similarly, maternal rejection initially results in increased infant attempts to maintain contact with the mother [71, 72] , but in the long run it enhances infant independence [70] .
Although the correlations between maternal and infant behavior reported here likely reflect short-term effects of mothering style on infant development and/or mother-infant conflict over the amount of time spent in contact [71, 72] , we suggest that the observed relationship between maternal behavior and infant physiology provides some hints as to the physiological mechanisms underlying long-term effects of early experience on infant development. In this study, infants who were protected more had higher cortisol levels than infants who were protected less. Higher cortisol levels may be one of the mechanisms through which these infants become behaviorally inhibited and hyperreactive to stress later in life when compared to the infants of less protective mothers. The negative correlation between maternal rejection rates and CSF 5-HIAA levels in the infants replicates a similar result obtained with another population of rhesus macaques [23, 24] . In this previous study, this correlation was obtained with both crossfostered and noncrossfostered infants, suggesting that it does not reflect genetic similarities between mothers and offspring. Rather, exposure to variable maternal rejection rates in infancy appears to affect the development of the offspring's serotonergic system [58] . The brain serotonergic system is involved in the regulation of impulse control, and low CSF 5-HIAA is associated with high impulsivity and anxiety in both nonhuman primates and humans [69] . It is possible that exposure to moderate-to-high rates of maternal rejection early in life favors behavioral disinhibition through brain serotonergic mechanisms, whereas exposure to extremely high rates of rejection, such as those exhibited by rhesus abusive mothers, results in pathological impulsivity and anxiety.
Clearly, our correlational results cannot be interpreted as evidence of cause-effect relationships between maternal and infant behavior, or between physiological and behavioral variables. However, one possible interpretation of our findings, which is consistent with previous research, is that maternal behavior has short-term effects on infant behavior as well as long-lasting effects on infant physiology, including the activity of their HPA axis and brain monoaminergic systems. Longterm physiological alterations in infants, in turn, may affect their behavioral development and contribute to the previously reported association between exposure to particular mothering styles in infancy and particular profiles of behavior and responsiveness to the environment later in life [23, 24] . Behavioral development is clearly also influenced by genetic characteristics, interactions between genotype and environment, and environmental situations encountered later in life. A comprehensive understanding of variability in development, therefore, requires an appreciation of the relative role of genes and experience and their interactions, experimental manipulations of both biological and environmental variables, and the longitudinal study of a much larger number of individuals than those used in this study. Nevertheless, our study contributes to the growing body of research investigating interindividual variability in maternal behavior and infant development in nonhuman primates, and to our understanding of the physiological mechanisms underlying such behavioral variability.
